Gonadotropins and insulin are major regulators of cell proliferation, differentiation, and survival in cultured mouse ovarian follicles. Applications of variable doses of insulin in combination with follicle-stimulating hormone (FSH) and luteinizing hormone (LH) were studied at the gene expression level in oocytes and cumulus cells. Early preantral follicles grown over 9 days were sequentially exposed to combinations of doses of insulin, FSH, and human chorionic gonadotropin (hCG). From culture Day 1 to 6 (preantral stage), two insulin concentrations (5 ng/ml and 5 lg/ml) were combined with 10 mIU/ml FSH. From Days 6 to 9 (antral stage), the three variable gonadotropin treatments set under each insulin condition were 10 mIU/ml FSH, 25 mIU/ml FSH, and 25 mIU/ml FSH plus 3 mIU/ml hCG. The Gdf9, Bmp15, Fgf8, Dazl, Pou5f1, and Pik3ca mRNA transcripts were quantified in oocytes, and the Amh, Lhcgr, Hsd3b1, Vegfa, and Insig1 mRNA transcripts were quantified in cumulus cells. In vivo controls were unprimed and eCG (equine chorionic gonadotropin)-primed prepubertal female mice. During the preantral stage, none except the Amh transcripts was regulated by insulin. Oocyte transcripts were not affected by the variable gonadotropin treatments on the last culture day but were upregulated in the combination of high insulin plus 25 mIU/ml FSH. Under low insulin conditions, high FSH levels increased levels of Lhcgr and Vegfa expression, and hCG abated this effect. However, under high insulin conditions, hCG upregulated levels of Lhcgr, Vegfa, and Insig1 mRNA. High insulin concentrations upregulated Hsd3b1 transcripts. These results demonstrate that in an in vitro follicle culture, a near physiological insulin background yields oocyte and cumulus cell transcript levels that are more similar to those in vivo.
INTRODUCTION
Follicle-stimulating hormone (FSH) triggers granulosa cell proliferation and differentiation into mural and cumulus cells and is the main hormone that drives follicular growth. Insulin acts in synergy with FSH to promote granulosa cell differentiation and facilitates FSH-dependent steroid production and luteinizing hormone (LH)/human chorionic gonadotropin (hCG) receptor induction in cultured granulosa cells [1, 2] . In the case of exposure to unphysiologically high levels of insulin and FSH, granulosa cells differentiate inappropriately, expressing LH/gonadotropin receptor (Lhcgr) mRNA from very early stages and showing a divergent cumulus cell pattern of mRNA levels and protein synthesis later on, which in turn correlates with deleterious effects on oocyte development capacity [3, 4] .
The presence of high insulin concentrations during the late antral stages of oocyte maturation has been shown not to affect oocyte development or meiotic progression. However, when exposure to high insulin levels is extended to the period of oocyte growth, impaired chromatin remodeling and condensation during meiosis have been reported [5] .
Previous studies from our laboratory have shown that under in vitro conditions, an increased FSH dose of 25 mIU/ml alters gene expression in the cumulus-oocyte complex (COC), thereby compromising cumulus cell function by excess Lhcgr mRNA and depletion of Amh transcripts [6] .
To the best of our knowledge, the influence of insulin on the regulation of gene expression in cultured oocytes has not been previously reported, whereas the literature for insulin regulation of transcripts in the cumulus cells is limited to a few genes [3, [7] [8] [9] .
Given the importance of the use of both gonadotropins and insulin in in vitro follicle culture systems and taking into account the high FSH doses currently used in assisted reproductive technology (ART) protocols, the current study intended to reveal changes at the level of mRNA expression as a result of exposing cultured ovarian follicles to two different insulin environments concomitantly, with physiological and supraphysiological levels of FSH. Because ovarian stimulation in ART protocols makes use of either recombinant (or urinepurified) FSH or menotropins (containing a combination of FSH and LH bioactive products), a condition combining an elevated FSH dose and LH activity (hCG) was also included in the study.
Another significant factor that determines blastocyst formation capacity of oocytes from in vitro-cultured follicles is oxygen tension [10, 11] . Because a 20% oxygen tension is required for optimal oocyte and follicle development in this culture system [12] and because we are testing concentrations of FSH that mimic superovulation in combination with supraphysiological insulin concentrations, the option to apply a 20% oxygen tension was taken. However, follicle needs for oxygen seem to be dependent on the type of culture conditions applied, as implied by reports using different follicle culture systems [10, 12, 13] .
A set of selected genes are required for normal folliculogenesis and oocyte development: growth differentiation factor 9 (Gdf 9), bone morphogenetic protein 15 (Bmp15), and fibroblast growth factor 8 (Fg f 8) [14] [15] [16] ; these genes were previously found to be upregulated by high FSH concentrations [6] . The deleted-in-azoospermia-like (Dazl) gene is essential for the differentiation of germ cells; also, it has been suggested that it enhances translation of key proteins during oogenesis [17] . FSH might play a role in promoting Dazl expression [18] . The Pou5f1 gene (also known as Oct4 [octamer-binding protein 4]) is a nuclear transcription factor, which has emerged as a potent key regulator of molecular events that govern the establishment of developmental competence in mouse oocytes [19] . The phosphatidylinositol 3-kinase (PI3-K) catalytic alpha polypeptide (Pik3ca) is a class I PI3-K catalytic subunit. Activation of the PI3-K signalling pathway is thought to play a role in the activation of oocyte meiotic maturation [20, 21] . The PI3-K/ATK pathway is known to be upregulated by the FSHmediated increase in cAMP [22] . The downstream signalling of PI3-K/AKT involves two important series of gene products regulating follicle proliferation and differentiation, the target forkhead box O1 (FOXO1) and the mammalian target of rapamycin (MTOR) [23, 24] . These two pathways determine the expression of factors such as inhibin a, aromatase, epiregulin, HIF1, and VEGF, some of which were chosen for this study.
In cumulus cells, Lhcgr, hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1 (Hsd3b1), antiMüllerian hormone (Amh), vascular endothelial growth factor A (Vegfa), and insulin-induced gene 1 (Insig1) transcripts were quantified. All these genes have been described previously in cumulus cells. The Lhcgr and Amh genes are markers of granulosa cell differentiation into mural and cumulus cells, respectively [25, 26] . HSD3B1 is a key conversion enzyme expressed into luteinizing granulosa cells. VEGF is an essential regulator of ovarian angiogenesis [27] , and its expression is regulated by HIF1 under hypoxia conditions. In turn, HIF1A can also be upregulated under normoxic conditions in response to various growth factors that enhance protein synthesis via multiple signalling pathways like the PI3-K pathway [28] [29] [30] [31] . VEGF has been characterized as an FSH target and increases with follicle size in vivo [32] . INSIG1 plays an important role in the SREBPmediated regulation of cholesterol biosynthesis [33, 34] .
Knowledge of how combining FSH doses and insulin affects antral follicle development, oocyte maturation, and gene expression of key oocyte and cumulus cell genes is crucial information when designing oocyte/follicle culture systems for different species. In addition, as the analysis of transcripts in COCs may provide indications for the developmental potential of the oocyte, it is important to know how they are regulated by therapeutic or pathological conditions.
MATERIALS AND METHODS
The mice used in these experiments were housed and bred according to national legislation accepted by the institutional ethical committee for animal experiments of the Vrije Universiteit Brussel (project 05-395-2).
In Vitro Follicle Culture
Secondary preantral follicles (110-130 lm) were isolated from ovaries of 13-day-old female mice (F1:C57Bl/6j 3 CBA/ca) and individually cultured as previously described [35] , with some modifications. Briefly, the control culture medium consisted of a-minimal essential medium (MEM) glutamax (Invitrogen), 5% fetal bovine serum (FBS), 5 lg/ml transferrin and 5 ng/ml sodium selenite, prepared as a T-S mixture (both from Sigma), 10 mIU/ml recombinant-FSH, 10 mIU/ml recombinant-LH (both from Ares-Serono, Geneva, Switzerland) and insulin (Sigma), at the concentration indicated below. Culture was carried out under 20% oxygen tension. The medium was refreshed every 3 days by replacing 30 ll of spent medium with fresh medium. The follicle culture period in the current study was 9 days.
Because the aim was to study the effects of different culture conditions on gene expression in the COC, different insulin and FSH concentrations were applied. In total, six different in vitro culture conditions were studied (Fig. 1) . Briefly, two concentrations of insulin were set from the beginning of the culture (Day 0): 5 lg/ml (a high insulin concentration, similar to the concentration found in commercial insulin-transferrin-selenium preparations) and 5 ng/ml (a low or physiological insulin concentration, close to that measured in mouse plasma [3] ). Follicles were grown individually (one follicle per well) under one of these two insulin concentrations during the first 6 days of culture, combined with a single FSH concentration of 10 mIU/ml; and from Day 6 (onset of antrallike cavity and follicle differentiation) onward, three variable gonadotropin conditions were applied to both insulin background levels: a) 10 mIU/ml FSH, b) 25 mIU/ml FSH, and c) 25 mIU/ml FSH plus 3 mIU/ml hCG. The conditions under which follicles were cultured in 10 mIU/ml FSH and 5 lg/ml insulin were considered the in vitro control conditions of this culture experiment [36] .
Ovulation was triggered on Day 9 by adding 1.2 IU/ml hCG (Ares-Serono) plus 4 ng/ml recombinant human epidermal growth factor (EGF; Roche Diagnostics, Mannheim, Germany) to the corresponding culture medium conditions. Meiotic resumption, assessed as the rate of polar body (PB) extrusion, was evaluated 16 h after stimulation.
In total, five independent follicle cultures were established. Each follicle culture consisted of two culture plates (containing, on average, 12 individually cultured follicles) per condition.
In Vitro and In Vivo Oocyte and Cumulus Cells Collection
The onset of antral development took place on Day 6. By that time of culture, two follicle differentiation types could be distinguished: preantral follicles, in which antral-like cavities are not yet present, and early antral-like follicles, in which the cavity is being formed and granulosa cells start to differentiate into cumulus and mural cells. In order to study the effects of gonadotropins exclusively on antral follicular development, the study was restricted to the COCs from the follicles that had the antral cavity formed on Day 6.
Germinal vesicle-stage oocytes and their corresponding cumulus cells were collected separately from the six different in vitro-cultured conditions (10 mIU/ ml FSH, 25 mIU/ml FSH, and 25 mIU/ml FSH plus 3 mIU/ml hCG), both under a low (5 ng/ml) and a high (5 lg/ml) insulin concentration condition, as previously described by Sánchez et al. [6] . Oocytes and cumulus cell samples were collected at Days 6 and 9 of in vitro culture. Because insulin concentrations were applied from the beginning of the culture, the samples collected on Day 6 were only from both high and low insulin conditions at 10 mIU/ml FSH. On Day 9, samples were collected from all six different FSH and insulin conditions. Twenty-two-day-old unprimed and eCG (equine chorionic gonadotropin)-primed female mice were used as in vivo controls. Priming was induced by 2.5 IU of eCG (48 h). In both cases, COCs containing oocytes at the germinal vesicle stage were punctured out of large antral follicles.
Under both in vitro and in vivo conditions, oocytes and their matching cumulus cell samples were pooled in groups of 4-6 and snap-frozen in liquid nitrogen and stored at À808C for further gene expression analysis.
RNA Isolation and cDNA Synthesis
Total RNA was isolated from six different pools of oocytes and their corresponding cumulus cells by using RNeasy micro-kit (Qiagen) according to a previously described protocol [6] . Oocyte samples were spiked with 10 pg of luciferase mRNA (Promega) to be used as an exogenous control. A DNase step was included in order to remove residual genomic DNA. Total RNA was eluted in 14 ll of RNase-free water.
Ten microliters of total RNA were reverse transcribed to cDNA, using iScript cDNA synthesis kit (Bio-Rad Laboratories) according to the manufacturer's instructions. Total RNA was supplemented with a reverse transcription mixture consisting of 5 ll of water, 4 ll of reaction mixture, and 1 ll of reverse transcriptase per sample. Two negative controls were included to guarantee the purity of the samples analyzed as well as that of the reagents used. Cycling conditions applied were 5 min at 258C, 30 min at 428C, and 5 min at 858C. Reaction was carried out in a total volume of 20 ll, and samples were further diluted to a final volume of 60 ll.
Real-Time PCR
Quantification of mRNA in oocytes and corresponding cumulus cell samples was performed with Light Cycler equipment (model LC-480; Roche) by using SYBR Green PCR Master Mix (Roche). Procedures for cDNA quantification, derivation of corresponding standard curves, and gene normalization were carried out as reported previously [6] .
Each sample was run in triplicate. For each gene analyzed, the corresponding standard dilutions and a negative control were included in the same reaction plate.
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Primers for the genes analyzed in both oocytes and cumulus cells were designed using the Universal Probe Library (Roche). Primer sequences for the Gdf 9, Bmp15, and Fg f 8 oocyte transcripts and Amh, Lhcgr, and Rn18s cumulus transcripts are the same as those used by Sánchez et al. [6, 37] . Sequences of primers for the Pik3ca, Pou5f, Dazl, Hsd3b1, Insig1, and Vegfa genes are shown in Table 1 .
Steroid Measurements
Estradiol and progesterone secretion under the different conditions were measured in the conditioned medium of Day 9 cultured follicles by using previously validated direct radioimmunoassays (DiaSorin; Sorin Fueter, Brussels, Belgium; and Cisbio, Gif-sur-Yvette, France; respectively).
The functional sensitivity of the estradiol assay was 20 ng/L; the variability between measurements (percent coefficient of variation [%CV]) tested on three levels with control samples ranged from 5.6 to 7.4 %CV, allowing for a measurement range from 20 to 750 ng/L. The progesterone assay has a functional sensitivity of 1.0 lg/L, and its variability, as measured from three levels, ranges from 5.2 to 15%CV, allowing for a working range of 1 to 40 lg/L. All samples from conditioned medium were analyzed with the same production batch of reagents to minimize intrinsic technical variability.
Statistical Analysis
Significant differences were analyzed using GraphPad Prism version 4.00 software (GraphPad, San Diego, CA).
An independent one-way ANOVA followed by a Tukey multiple comparison test was performed to analyze differences in gene expression levels between the different FSH conditions within each insulin concentration applied.
Student t-test analyses were performed to analyze differences in transcript levels between the two different insulin concentrations used (under the same FSH condition applied). Statistically significant differences between mRNA expression levels in oocytes and those in cumulus cells under in vivo conditions or between samples on Day 6 were also shown by using Student t-test analysis.
Two independent ANOVAs were performed to compare expression levels of oocytes and cumulus cell transcripts among in vitro and in vivo groups under comparable conditions (in vitro basal, 10 mIU/ml FSH, and in vivo unprimed samples; or high, 25 mIU/ml FSH, with or without hCG, and in vivo eCGprimed samples)
RESULTS

Follicle Development
Follicle survival and development to the antral stage at the end of culture (Day 9) were similarly achieved under all conditions studied (Table 2) . Meiotic resumption was unaffected by the different conditions, and PB rates did not significantly differ among the in vitro conditions (Table 2) .
Follicle morphology was comparable for all in vitro conditions. Under high FSH concentration (25 mIU/ml), however, follicles developed slightly larger COCs, as seen previously [6] . 
The general set up of the study is shown. Preantral follicles were cultured over 9 days. Insulin at high (5 lg/ml) or physiological (5 ng/ml) concentrations were given from Day 1 of culture (basal FSH dose of 10 mIU/ml). On Day 6 (start of antrum formation), follicles grown in the two insulin concentrations were exposed to three different gonadotropin treatments: control FSH, 10 mIU/ml; high dose FSH, 25 mIU/ml; and 25 mIU/ml FSH plus 3 mIU/ml hCG.
Steroid analysis showed estradiol production was higher in follicles exposed to a high FSH concentration (25 mIU/ml FSH with or without hCG) than in control under the 10 mIU/ml FSH condition (significantly in the low insulin concentration). Progesterone was shown to be secreted at higher levels only when both FSH and hCG were present in the medium, and this was irrespective of the insulin concentration applied (Fig. 2) .
Analysis of Gene Expression in Oocyte and Cumulus Cells Exposed to Different Insulin and Gonadotropin Conditions
Oocyte and cumulus transcripts were shown to be regulated by both insulin and gonadotropins (5 lg/ml insulin and 25 mIU/ml FSH and FSH plus hCG).
Changes in Oocyte Transcript Levels
On Day 6 of culture, before the beginning of the different gonadotropin treatments, oocyte transcripts were not regulated by either of the insulin concentrations used. On Day 9, oocyte transcript levels were not regulated by a higher FSH dose (25 mIU/ml) or by a combination of higher FSH with hCG, whatever the insulin concentration (Fig. 3) . Under high-insulin concentration conditions, we noticed there was a tendency for FSH to slightly increase Pik3ca levels, whereas the presence of hCG seemed to reduce this effect.
In the presence of an FSH dose of 25 mIU/ml alone (without hCG), high insulin concentration significantly (P , 0.05) upregulated mRNA levels of all oocyte transcripts (Fig. 3) . This was also observed as a tendency for Bmp15, Gdf 9 and Dazl transcripts at FSH doses of 10 mIU/ml and 25 mIU/ml plus hCG.
Under in vivo conditions, oocyte mRNA expression levels of all genes were 2-to 2.4-fold downregulated after eCG priming (P , 0.05). Transcript levels in in vivo oocytes of unprimed mice were not different from those in in vitro levels in oocyte samples grown under the basal FSH dose of 10 mIU/ml (irrespective of the insulin concentration [ Fig. 3]) . For Dazl mRNA, however, in vitro transcript levels under high insulin conditions were almost double those obtained in vivo.
Transcript levels in in vivo oocytes from eCG-primed mice were most comparable to levels expressed by oocytes from both in vitro conditions containing high FSH concentrations that grew in a low insulin background. In contrast, oocyte transcript levels in the presence of the same high FSH dose were significantly higher than levels found under the in vivoprimed condition when cultured under a high-insulin background condition. Furthermore, by adding hCG, we observed the same tendency, and it became significant for the Gdf 9 and Pik3ca transcripts.
A tendency for oocyte mRNA levels to decrease with higher FSH doses was noticed when follicles developed in low insulin concentrations (more predominant for the Bmp15, Gdf 9, and Dazl genes, for which transcripts were ;1.5-fold decreased). This tendency corresponds with the pattern observed in in vivo oocytes after eCG priming and was not observed under highinsulin concentration conditions (Fig. 3) .
FSH and Insulin Regulation of Cumulus Cell Transcript Levels
On Day 6, before the beginning of gonadotropin treatment, cumulus cell transcript levels (other than Amh) were not regulated by insulin concentrations. Amh mRNA levels in cumulus cells grown in a low insulin concentration were significantly higher (;5.6-fold, P , 0.05) than those in cumulus cells grown in a high insulin concentration (Fig. 4b) . From culture Day 6 to 9, Amh transcript levels were 26-fold decreased and 11-fold decreased in low and high insulin concentrations, respectively. There was no longer a difference, however, between the two insulin conditions on Day 9. Addition of a high FSH dose to the medium shut down Amh 
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Pik3ca (e), and Dazl (f) expression levels 6 SEM are shown in Day 9 germinal vesicle oocytes after exposure to different insulin and gonadotropins conditions. Expression levels between in vitro basal (10 mIU/ml) FSH conditions and in vivo unprimed samples were not different (ANOVA, P . 0.05). Day 6 values were not different for either and are shown as a reference point before the start of gonadotropin treatments (t-test, P . 0.05).
a,b,c , Indicate significant differences in expression levels between in vitro conditions under high FSH concentrations and in vivo 48 h after eCG (primed) samples (P , 0.05 ANOVA). *, Indicates differences in expression levels between samples in the low and high insulin concentrations (under a fixed FSH condition). , Indicate significant differences in expression levels between in vitro basal concentration of 10 mIU/ml FSH and in vivo unprimed samples (P , 0.05 ANOVA).
a,b,c , Indicate significant differences in expression levels between in vitro conditions under high FSH concentrations and in vivo 48-h eCG-stimulated (primed) samples (P , 0.05, ANOVA). *, Indicates differences in expression levels between the two samples compared (panels b and c; P , 0.05).
a,b
, Indicate significant differences in expression levels between the different gonadotropin conditions on in vitro Day 9 cumulus cells cultured under low insulin concentrations (white bars). 1, 2 , Indicate significant differences in expression levels between the different gonadotropin conditions on in vitro Day 9 cumulus cells cultured under high insulin concentrations (gray bars).
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transcripts. This effect was independent of the presence or absence of hCG and unrelated to the insulin dose (Fig. 4a) . For the other genes analyzed, the changes caused by FSH were as follows.
Under low-insulin tonus. Increasing the FSH concentration during the antral phase induced significantly higher Lhcgr and Veg fa transcript levels in cumulus cells (Fig. 4, d and f, white bars). However, this FSH effect was repressed by coadministration of hCG. Levels of Hsd3b1 transcripts tended to increase as well, while Insig1 mRNA levels were not regulated by FSH or hCG (Fig. 4, e and g, white bars) .
Under high-insulin tonus. The presence of hCG in medium induced significantly increased Lhcgr expression levels (P , 0.05), which was observed only as a tendency when 25 mIU/ml FSH was present alone (Fig. 4d, gray bars) . Interestingly, Veg fa mRNA regulation by gonadotropins was the opposite under high insulin conditions compared to low insulin conditions. A high FSH dose nonignificantly downregulated Veg fa expression, while the presence of hCG reverted this FSH-induced effect by increasing Veg fa transcripts (P , 0.05) (Fig. 4f, gray bars) .
At high-insulin concentrations, the Hsd3b1 and Insig1 expression levels were not regulated by 25 mIU/ml FSH; however, Insig1 levels were upregulated by the addition of hCG in the presence of 25 mIU/ml FSH.
As described above, FSH regulates the expression of some cumulus cell transcripts depending on the insulin concentration background. Moreover, insulin itself regulated the amount of transcripts expressed in cumulus cells. Under the conditions in which a high FSH dose was applied, high insulin concentrations (compared to low insulin) reduced expression levels of both Lhcgr and Veg fa mRNA (significantly for Veg fa). Adding hCG to the high FSH in medium reversed this effect (Fig. 4, d and f, right panel, compare black and white bars). In contrast, Hsd3b1 mRNA levels were upregulated by the high insulin concentration, irrespective of the FSH doses and/or presence of hCG (only significant at 10 mIU/ml FSH) (Fig. 4e) . The Insig1 transcript levels were also upregulated by high insulin concentrations but only under the 25 mIU/ml FSH plus hCG condition (Fig. 4e) .
Under in vivo conditions, eCG priming regulated cumulus cell expression differently, depending on the gene analyzed. Amh expression levels were downregulated (7.6-fold, P , 0.01) after priming (Fig. 4c) . On the contrary, eCG induced a nonignificant upregulation of Lhcgr levels (3.6-fold), as shown in Figure 4d . Insig1 mRNA significantly decreased after eCG priming (Fig. 4g ). Hsd3b1 and Veg fa mRNA levels were not regulated by eCG (Fig. 4, e and f) .
Cumulus cell Amh and Lhcgr mRNA levels under both in vivo conditions (unprimed and eCG-primed samples) were shown to be higher and lower, respectively, than all in vitro conditions, irrespective of the in vitro insulin concentration used or the in vivo eCG priming. Amounts of Hsd3b1, Veg fa, and Insig1 transcripts in in vivo cumulus cells from unprimed mice were comparable to those obtained in vitro in 10 mIU/ml FSH under low insulin conditions (Fig. 4 , e, f, and g; compare white and black bars).
After eCG injection, Hsd3b1 levels in in vivo cumulus cells were not different from in vitro levels in cumulus cells exposed to high FSH and low insulin concentrations (irrespective of the presence of hCG). Veg fa and Insig1 expression in cumulus cells from in vivo culture were also comparable to in vitro levels under low insulin conditions; however, this was the case only where hCG was present in medium. For these same transcripts, the in vivo values were comparable to those under the high FSH condition in vitro but only when combined with high insulin (Fig. 4, f and g ).
DISCUSSION
FSH is essential for follicle survival, antrum formation, and acquisition of oocyte developmental competence [36, 38, 39] . Currently, ART relies on patient stimulation with high doses of recombinant or urine-purified FSH in order to retrieve a large enough number of oocytes to obtain a sufficient number of embryos to transfer. Previous results from our group demonstrated that in vitro exposure of mice ovarian follicles to 25 mIU/ml FSH during the antral growth period induced increased Gdf9 and Bmp15 expression in the oocyte; furthermore, it upregulated functional Lhcgr expression in cumulus cells, leading to abnormal cumulus cell functionality [6] . While culturing follicles in vitro with defined FSH concentrations, insulin is also universally added to culture medium for oocyte in vitro maturation and in vitro follicle development [5, 40, 41] . Supraphysiological concentrations of insulin in combination with high doses of FSH have been shown to impact oocyte developmental competence and to induce an abnormal pattern of Lhcgr mRNA and protein expression in cumulus cells [3, 4] .
The present study demonstrates that at a basal concentration of 10 mIU/ml of FSH, antral follicles are not affected by the insulin levels and that oocyte transcript levels are equal to those found in in vivo-grown antral follicles from unprimed mice. Similarly, transcript levels in oocytes from antral follicles treated with an elevated FSH dose (with or without hCG) but under low insulin conditions are not different from those obtained in oocytes from in vivo-primed mice. However, the use of high insulin concentrations in combination with high FSH doses affected oocyte transcript levels, which were upregulated by a factor of 2-3 compared to in vivo. Because most (if not all) of the oocyte genes analyzed demonstrated similar mRNA expression responses to the different in vitro conditions applied, it is suggested that this effect is a general response of the oocyte and not a gene-dependent regulation, as is the case for the cumulus cells. Overall, findings in oocyte transcripts may indicate that even if follicles are exposed to high FSH levels, the concomitant exposure to low (physiological) insulin concentrations will positively influence oocyte gene expression, allowing in vitro-produced oocytes to express levels similar to those produced in vivo.
In contrast to gene expression in oocytes, cumulus cells transcripts showed diverse responses. The Amh gene was the only transcript in cumulus cells regulated by insulin on Day 6 of culture (corresponding to cumulus cells from small antral follicles). Previous studies in rodents have shown that Amh mRNA is expressed in large amounts in granulosa cells from preantral follicles, where it inhibits FSH-stimulated follicle growth [42, 43] . In antral follicles, Amh expression is reduced in mural cells and persists only in cumulus cells [25, 44] . The decrease in the number of samples expressing Amh mRNA in in vitro Day 9 cumulus cells follows a normal physiological pattern. Nonetheless, the amount of Amh transcripts in vitro was much lower than in in vivo controls. The further decrease in Amh mRNA as a response to FSH treatment is in accordance with results obtained after in vivo eCG priming. A similar decrease has also been previously reported after eCG stimulation in rats or after in vitro treatment with high FSH concentrations [41, 44] . In summary, the fact that Amh transcripts are significantly lower when preantral follicles are cultured under high-insulin concentration conditions (i.e., Day 6 values) suggests that under high insulin conditions, a correct
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Amh expression level cannot be maintained as early as that from the preantral stage of development onward. This abnormal expression pattern proceeds further and continues in the antral stage follicles.
Cumulus cells from ovarian follicles grown in 10 mIU/ml FSH and high insulin concentrations in this culture system showed significantly higher Lhcgr mRNA levels than in vivo [6] . Results from this experiment demonstrate the same high Lhcgr levels when they are cultured under low-insulin concentration conditions (at the basal FSH concentration of 10 mIU/ml). Our results for the increased Lhcgr expression in response to FSH (under low insulin) is in agreement with those in other murine and porcine studies [45] [46] [47] reporting the FSHinduced upregulation of Lhcgr transcript in cumulus cells. An intriguing finding in this study is that the changes in Lhcgr expression exerted by hCG administration depend on whether follicles have been cultured on a background dose of low or high insulin.
A supraphysiological insulin concentration upregulated Hsd3b1 mRNA in cumulus cells under an FSH basal concentration of 10 mIU/ml (nearly a 3-fold increase compared to normal insulin levels, P , 0.05). In human luteinized granulosa cells, insulin induces an increase in Hsd3b1 transcripts [7] . After 2.5 times higher FSH concentrations were applied, only similar tendencies were evident. The increased FSH concentration did not regulate Hsd3b1 expression, which contrasts with the findings that FSH alone or in combination with insulin upregulates Hsd3b1 transcripts [7] . Upregulation of Hsd3b1 transcripts has been correlated with granulosa cell luteinization [48, 49] . This suggests that high in vitro insulin levels may induce an earlier than normal follicle luteinization. These findings are especially relevant as 5 lg/ml insulin is widely used in ovarian follicle culture.
After in vitro exposure to gonadotropin, Veg fa and Lhcgr expression show similar patterns, but their expression patterns were not correlated. Results demonstrate that gonadotropins regulate Veg fa mRNA expression differently depending on the insulin levels in the culture medium. Under high-insulin concentration conditions, an increased FSH dose alone decreased Veg fa mRNA levels, whereas addition of hCG to high FSH dose significantly amplified Veg fa transcripts. Upregulation of VEGF production in in vitro granulosa cells exposed to ovulatory doses of hCG has been reported in macaque monkeys and rats [50, 51] . The presence of Vegf mRNA has been demonstrated in luteinized human granulosa cells [52, 53] . Similarly, Veg f transcripts in bovine granulosa cells undergoing luteinization were shown to be induced by either hCG or LH treatment [54] . Hence, the increase in VEGF might reflect a luteinizing effect.
A completely opposite effect is evident when low insulin levels are present in the culture medium. In that case, high concentrations of FSH alone upregulate Veg fa mRNA (compared to levels at a basal concentration of 10 mIU/ml FSH). Presence of a low hCG tonus in constant high FSH levels significantly downregulated Veg fa transcript amounts. In vitro treatment with human recombinant-FSH has been shown to upregulate VEGF production in nonluteinized granulosa cells from the macaque [51] . Similarly, treatment of mouse ovaries with FSH induced the expression of Veg f mRNA [55] .This is in agreement with our latter results under low insulin conditions. However, a Veg fa mRNA downregulation induced by the presence of hCG alone has not been previously reported. In contrast, Veg f transcripts in in vitro rat granulosa cells exposed to LH were not affected [50] .
In addition to the Veg fa regulation by FSH, this transcript is also regulated by insulin. This effect is seen only under conditions of exposure to 25 mIU/ml FSH and not 10 mIU/ml. Interestingly, a high insulin concentration significantly downregulated Veg fa transcripts when FSH alone (without hCG) was present in the medium, while it upregulated (nonsignificantly) this transcript in the presence of a combined low-dose hCG. In the macaque, nonluteinized granulosa cells from preovulatory follicles cultured in the presence of hCG and insulin respond with an increase in VEGF secretion [8] , and a similar effect is reported in luteinized granulosa cells from polycystic ovary syndrome and non-polycystic ovary syndrome patients [30] . The latter results are in agreement with the response observed in a medium where FSH plus hCG was present. Besides its role in the vascularization of the follicle in vivo, there is growing evidence for the cytoprotective role of VEGF in preventing granulosa cell apoptosis [56] .
Exposure to different insulin concentrations during the preantral stages had no clear effect on Insig1 expression in Day 6 cumulus cells. After antrum formation, addition of hCG to the culture condition with high insulin plus high FSH had a significant effect on Insig1 transcript levels in cumulus cells. High insulin levels also induced upregulation of Insig1 transcripts but only in cumulus cells cultured in the presence of hCG. In rat theca interstitial cells, INSIG1 protein levels are regulated by hCG and high insulin levels [9] .
Although in this study we decided to focus on cumulus cells, measurements of steroid concentrations in culture medium provided interesting information about the combined effects of insulin and gonadotropins on in vitro follicle culture. Estradiol and progesterone production were regulated mainly by gonadotropins, whatever the insulin condition. Insulin itself did not influence steroid levels. Increase in estradiol production was driven mainly by FSH and seemed not to be affected by simultaneous low-dose administration of hCG. The increase in estradiol production is most likely the response to the increase in the production and activity of aromatase induced by FSH. FSH-dependent increase in estradiol secretion also has been reported in three-dimensional mouse and primate follicles [57, 58] . In addition, in mouse three-dimensional follicles, high FSH concentrations led to a significant increase in progesterone production compared to lower FSH concentrations [57] . Despite that (in the current work), progesterone levels were similar regardless of the insulin or FSH dose used; there was a significant increase in the presence of hCG. In threedimensional-cultured follicles from monkeys, FSH in combination with LH tended to induced higher progesterone secretion than FSH alone, similar to that reported here, suggesting a granulosa/theca cell luteinization [58] .
Enhancement of FSH-induced estradiol and progesterone secretion by insulin alone or by insulin in combination with FSH has been previously reported in cultured bovine, porcine, rat, and human granulosa cells [2, 48, [59] [60] [61] . Current results for steroid production do not confirm previous findings. Although insulin concentrations in this study exceeded those used in other reports, it was surprising not to find more differences in steroid production. The fact that in other studies only granulosa cells were cultured rather than the entire follicle might be an explanation, as granulosa cells cultured without oocytes generally undergo a process of spontaneous luteinization.
In conclusion, the present study demonstrates that exposure of growing follicles to a combination of different concentrations of insulin and gonadotropins in combination has an impact on transcript levels in preovulatory oocytes and cumulus cells. High insulin concentrations are still commonly implemented in medium for in vitro follicle culture. Current findings demonstrate that transcript levels in oocytes and 572 cumulus cells are more similar to those in vivo controls when implementing hormone supplements at physiological concentrations in culture medium.
Applying supraphysiological concentrations of insulin and FSH resulted in a general increase in selected oocyte transcripts compared to those from in vivo-superovulated age-matched mice. Transcripts in oocytes from cultured follicles matched the levels of those measured in in vivo-grown oocytes for a similar stage of follicle developmental. Cumulus cell transcript levels also varied by function of the insulin and FSH dose combinations and suggest dose-dependent effects of both hormones on the rate of differentiation in culture.
